This report describes the clinical, angiographic, and hemodynamic findings in nine patients who manifested nonatheromatous' ischemic heart disease induced by chronic industrial exposure to nitroglycerin and subsequent withdrawal. They represent nearly 5% incidence in the group of 200 workers with similar exposure. One patient died suddenly, and the disease was commonly without premonitory symptoms. Of the eight survivors, five were studied and none showed evidence of significant organic obstructive disease. However, in one studied during the withdrawal state, coronary and digital arteriospasm was demonstrated, and was readily reversed by nitroglycerin. Survivors exhibited exercise symptomatology and hemodynamic impairment similar to other patients with myocardial dysfunction from ischemic heart disease. Complete left bundle-branch block with late sudden death occurred in one, and chronic recurrent atrial fibrillation is present in a second.
This report deals with clinical and laboratory findings in eight females and one male of an estimated 200 workers with a similar industrial exposure who, over a 38-month period, exhibited manifestations of ischemic heart disease upon withdrawal from nitroglycerin exposure. Two patients died suddenly. This phenomenon and the related physiologic abnormalities reported herein suggest implications beyond those of industrial hygiene, for example, the production of ischemic heart disease from functional increase in smooth muscle tone of the coronary artery and the induction of ischemia by the chronic administration of potent, long-acting organic nitrate vasodilators and subsequent withdrawal or discontinuance.
Industrial Exposure, Case Histories, and Methods of Examination In 1966, a munitions facility was reactivated in South Central Wisconsin. Certain manufacturing processes involved the handling of 37% nitroglycerin-cellulose mixture as it is fashioned into solid rocket propellant. The workers were furnished with rubber gloves and protective aprons and ventilatory systems were provided. However, physical evidence of skin contact was generally present. Approximately 200 workers were exposed during the period from 1967 to 1971. Of these, 160 were female and tended to perform routine and stereotype work whereas the 40 males tended to be supervisory or carry out maintenance on mechanically related tasks. This may have resulted in a somewhat different level or pattern of exposure. These workers were from an indigenous labor force residing in small towns or rural areas within a 25-mile radius, and they formed a stable population with very low turnover. Intolerance to the acute exposure (headache, weakness, dizziness, nausea) prevented a significant fraction of initial workers from continuing exposure. The remainder developed tolerance and frequently took measures to maintain this tolerance.
Eight women and one man became symptomatic between 12 and 48 months after exposure. The cases are enumerated in sequence depending upon the first serious manifestation of ischemic heart disease, and their industrial history was compiled by one of the authors (G.C.) in the course of his duties as an industrial safety officer for A 51-year-old white divorced female was referred for evaluation of chest pain related to 48 months of industrial exposure. Approximately 8 months after beginning work, nonexertional chest pain with radiation to the shoulders, arms, and hands occurred on weekends or on Monday morning. At the onset, the pain was related to longer periods of freedom from industrial exposure (116 hours) at the time of shift rotation. On other work-free days, comprising 54-hour periods, the pain did not occur. Spontaneous clearing of the pain would occur or, if present upon return to work, would be relieved by reexposure to nitroglycerin.
On Sunday morning, February 4, 1968, the pain was more severe and unrelenting throughout the day. It cleared by evening but the following morning it recurred with more severity and she was admitted to the hospital where the electrocardiograms shown in figure 1 were taken. Serial electrocardiographic changes consistent with a nontransmural anterior wall infarction were noted over a period of 5-7 days. There was a characteristic rise in serum SGOT on the second hospital day. After 3 months of symptom-free convalescence, she returned to work. However, once more chest pain occurred during abstinence.
Sublingual nitroglycerin was prescribed at this time and, from the fall of 1968 until May, 1971, the patient required 1-3 tablets of nitroglycerin per weekend with relief of pain in 1-2 min. Exercise, temperature change, wind exposure, meals, swallowing, position, or emotional change bore no relation to her chest pain.
Physical examination on a day of exposure was entirely within normal limits. An electrocardiogram was normal and a chest X-ray with cardiac views was compatible with minimal left ventricular enlargement but 
:-:-: NITROGLYCERIN EXPOSURE injections suggested that this was a relatively small system with diffuse irregularity and areas of significant obstruction ( fig. 2, 3 ). The anterior descending system was only faintly opacified. The right coronary artery was then evaluated and exhibited severe narrowing at its origin with a 1-2cm smooth segment of normal caliber followed by a second highly narrowed segmental area with constant and significant reduction in the entire portion of the distal right coronary vessel and branches.
The conclusion that this represented diffuse arteriospasm rather incomplete or uneven filling of the coronary vessels was based on the following considerations: (1) the coronary orifices were adequately cannulated and the volume of injectate was appropriate for complete, even opacification; (2) the dye column density was homogeneous at all times; and (3) the morphologic characteristics of the coronary arterial walls remained constant during each cardiac cycle and throughout the several cycles of each injection.
At this time, nitroglycerin was given sublingually, relieving the chest pain which the patient considered tolerable and not of a degree which would ordinarily be an indication for selfmedication. Serial sequential selective cineangiography of the right and left coronary artery system over the next 4-6 min revealed striking increase in the vessel lumen which became smooth-walled and virtually free of irregularity. There was modest left ventricular dilatation with some reduction in the left ventricular ejection fraction. The resting cardiac output was normal but there was abnormal elevation of left ventricular end-diastolic pressure at 18 mm Hg.
The patient remained asymptomatic, was discharged, and did not return to work for another 48 hours. She was asked to return to the hospital on On Sunday, February 9, 1969, 40 hours after abstinence from exposure began, more severe anterior and substernal chest pain occurred which radiated to both arms and was associated with nausea, dyspnea, and diaphoresis. The pain waxed and waned all day and the patient slept fitfully. By the following morning, persistent severe pain led to hospital admission. The episode lasted 30 hours. There were electrocardiographic features of injury involving the anterior wall. The patient had an uneventful recovery and returned to work in June of 1969 but recurrent withdrawal chest pain forced her retirement in August of 1969. General physical examination was within normal limits. Right and left heart catheterization and coronary cineangiography showed entirely normal coronary vessels. The hemodynamic pattern showed minimal reduction in left ventricular performance at rest and significantly impaired ventricular performance with exercise with elevation of the left ventricular end-diastolic pressure to 22 mm Hg ( fig. 5 ). show any electrocardiographic abnormalities and general physical examination was within normal limits except for mild arterial hypertension (160/90 mm Hg) which gradually subsided over several months. Following brief hospitalization, the patient did not return to nitroglycerin exposure and has remained in good health but has noted reduced exercise tolerance.
On October 6, 1971, the patient was hospitalized for coronary angiography and cardiac catheterization. At that time, general physical examination and routine laboratory findings were normal. Coronary angiography was normal except for a small fistula from the diagonal branch of the left anterior descending to the left ventricular cavity. Impaired left ventricular performance was observed characterized by inadequate exercise response and cardiac output and elevation of left ventricular end-diastolic pressure ( fig. 5 ). Arterial plethysmography, including response to nitroglycerin, was normal. x_ physical activity in the convalescent state including inability to carry out housework for approximately 1 year. Subsequently, there has been severe exercise intolerance and recurrent episodes of rapid irregular heart action. Evaluation on September 22, 1971, included right heart and left heart catheterization with selective coronary angiography. These showed intermittent atrial fibrillation. The coronary angiograms were entirely normal except for slight irregularity in the midportion of the right coronary artery. There was abnormal left ventricular performance noted with inadequte exercise response to cardiac output and an increased left ventricular enddiastolic pressure.
Left ventricular function as determined by the relationship between stroke-work index and left ventricular end-diastolic pressure. The solid symbols are from 18 patients with chest pain of noncardiac origin. Rest data are shown in all, and exercise data are shown in 13. The solid lines intersect at the means and depict 2 SD. All patients from this report (X) exhibited abnormal values at rest or induced by exercise.
she experienced substernal chest pain with radiation to the arm on a Monday morning prior to resuming work on July 28, 1969. She was hospitalized by her physician who found the general physical examination to be negative. An electrocardiogram at that time was normal. However, on July 29, abnormalities consistent with inferior wall ischemia and injury were noted. The patient made an uneventful recovery, did not return to her industrial exposure, and has remained asymptomatic in the subsequent 2,1-year period.
This white, married 52-year-old female after 28 months of industrial exposure to nitroglycerin rocket propellant, first noted substernal chest pain occurring on a Monday morning and relieved with return to exposure. On Sunday, August 3, 1969 , recurrent episodes of pain occurred lasting 10-15 min. At 6:00 AM, August 4, preparatory to return to work, a more severe episode occurred associated with radiation to the neck and left arm.
After 30 min the pain cleared; however, the patient was hospitalized and, at 8:00 AM, the pain returned. An electrocardiogram was compatible with an acute anterior wall myocardial infarction (figs. 6, 7). The patient had an uneventful recovery but has not returned to nitroglycerin exposure. She was unable to tolerate Circulation, Volume XLVI, October 1972 This 54-year-old white married female with a 30-month exposure to nitroglycerin experienced prolonged substernal chest pain on Monday morning, August 11, 1969 . An electrocardiogram after the pain was relieved showed intermittent second-degree A-V block and nonspecific S-T and T-wave changes. The electrocardiographic pattern returned to normal during a 2-week hospitalization. The patient had an uneventful convalescence, discontinued her industrial exposure, and has remained asymptomatic. exceeded the upper limits of normal. After recovery, a complete left bundle-branch block pattern was observed. The patient was asymptomatic but did not return to work. In October, 1971 , while the patient was at University Hospital, Madison, Wisconsin, coronary angiography and cardiac catheterization showed normal coronaries, and normal left ventricular size and shape, with elevation of the left ventricuilar end-diastolic pressure (15 mm Hg) and altered ventricular function (fig. 5 ). The patient remained asymptomatic. On November 6, 1971, after returning home from a day of hunting and while unloading his small boat from a trailer with the help of a companion, he suddenly collapsed and died. Postmortem examination was not carried out.
Results
The present report presents clinical, laboratory, and angiographic information on nine of 200 patients with similar chronic industrial exposure to organic nitrates who exhibited manifestations of ischemic heart disease on withdrawal. The chest pain was nonexertional but was relieved by nitroglycerin or return to work. At times, this symptomatology was gradually progressive but, in four of nine, a serious or fatal event occurred without premonitory signs. No predisposing factors to coronary artery disease were present. Coronary angiography was carried out in five and showed no significant obstructing disease 5-39 months after a severe isehemic episode. Impaired left ventricular function, interventricular conduction defect, or atrial fibrillation was seen as residual effects even though the chest pain syndrome was relieved by withdrawal. In the single patient who continued work, studies during withdrawal showed diffuse coronary and digital arteriospasm relieved by nitroglycerin.
Although the electrocardiograms have beeni within normal limits during industrial exposure and have returned to normal following withdrawal in eight of nine cases, prolonged Circulaton, Volume XLVI, October 1972 electrocardiographic changes were noted in five. SGOT levels were above the upper limits of normal in three. In the remainder, examinations were made 36-48 hours after pain subsided.
Discussion The literature and texts devoted to clinical and investigative cardiology do not contain a description of the syndrome of isehemic heart disease upoin withdrawal from chronic organic niitrate exposure. In contrast, journals of industrial hygiene and medicine contain numerous reports and reflect continued concern on the part of industrial physicians. 675 In 1943, Foulger' reported a detailed preventive medicine program at the duPont de Nemour plant. He identified circulatory signs of reduced arterial blood pressure with tachycardia as early effects and a rising diastolic blood pressure with a small pulse pressure and relative bradyeardia as conditions premonitory of vascular collapse. Zy-manski2 in 1952 reported three Monday morning ischemic fatalities from a Saar munitions plant. No valvular, myocardial, or coronary artery disease was present on postmortem examination. An additional 44 fatalities under similar circumstances were collected from several countries. A vasoconstrictor factor was theorized.
Barsotti,3 reporting in 1954 on a 10-year experience in an Italian munitions facility, considered that the morbidity and mortality from ischemic symptoms and episodes on withdrawal could be reduced by scrupulous avoidance of atmospheric and skin contamination. While Barsotti did not report any physiologic measurements, he also proposed the hypothesis that ischemia of the myocardium upon abstinence from organic nitrate exposure was the result of persistent compensatory vasoconstriction induced by the acute vasodilatory effects and was operative after withdrawal.
Forssman, Masreliez, Johansson, Sundell, Wilander and Bostrom in 19584 carried out detailed examination in 276 chronically exposed workers in a Swedish munitions facility and concluded that ischemic symptoms were presaged by a diastolic pressure of 90 mm Hg and a pulse pressure of 20 mm Hg or less during a 48-72-hour abstinence from exposure.
The first report in the English literature and the earliest statistical estimate of the excessive risk of industrial organic. nitrate exposure was by Carmichael and Lieben5 in 1963. They concluded that a 15-fold increase in mortality existed as compared with ageand sexmatched populations of Pennsylvania. These workers implicated hyalin degeneration of the coronary artery intima and media as the basis for premature organic coronary artery disease. This hypothesis was based upon the postmortem report with a variable degree of coronary artery disease in seven fatal cases in middle-aged males. Subsequently, Lund, Haggendal, and Johnsson,6 in reporting nine fatalities in a Swedish facility, reemphasized that a fatal withdrawal ischemic episode may occur when postmortem examination shows no coronary atherosclerosis or their pathologic processes.
Morikawa, Muraki, Ikoma, Honda, and Takamatsu, in 19677 carried out digital plethysmographic studies in workers exposed to organic nitrates and demonstrated that simply donning the previously used, but presumably impermeable work gloves, induced changes in digital artery pulse characteristic of sublingual nitroglycerin administration, thus implicating the percutaneous route of organic nitrate absorption.
The present report with a predominant incidence in premenopausal females includes detailed clinical histories and identification of coronary artery disease risk factors. This information, along with serial electrocardiographic and serum enzyme abnormalities diagnostic of myocardial ischemia and necrosis, and follow-up studies of the survivors along with coronary angiographic examinations (in one case during withdrawal period) sheds additional light on this puzzling syndrome. From the presently available data, the following pathogenic mechanism can be deduced: Acute Response. Acute but sustained skin and pulmonary exposure to organic nitrates induces vasodilatation, arterial hypotension, decreased venous return, and tachycardia.
Headache and orthostatic hypotension are common symptoms. Chronic Response. After days, weeks, or months, compensatory responses of vasoconstriction come into play, possibly with increasing facility and effectiveness. This state is manifested by an increase in diastolc blood pressure, a decrease in pulse pressure, and the relief of headaches or other acute symptoms. This may lead to fixed diastolic hypertension.
Circulation, Volume XLVI, October 1972 676 NITROGLYCERIN EXPOSURE Withdrawal. Withdrawal from the sustained vasodilatory effects over a 48-72-hour period leaves the more persistent vasoconstrictor response unopposed with the resultant general arteriolar constriction clinically manifest in the cutaneous and coronary arteries. Intermittent chest pain at this time is nonexertional but relieved by nitroglycerin. Coronary insufficiency or acute myocardial infarction may result unless nitroglycerin is given. This period of vasoconstriction subsides after 96-120 hours.
Although this syndrome is limited to a small industrial population at risk, and preventive measures may eliminate the risk -ntirely, certain wider implications must be considered. The first is the occasional patient with angina who regularly takes several dozen nitroglycerin tablets per 24 hours, based upon prescription requirements of 200-300 tablets per week. A compensatory vasoconstrictor state may be induced which may result in exacerbation of cardiac ischemia upon exhaustion of medication or voluntary discontinuance. In the past, sudden death in a patient with antecedent severe angina has not been related to the level or pattern of organic nitrate therapy; yet it is possible that the withdrawal process could operate.
A second implication of potentially greater importance because of the large number of patients involved is related to the relatively recent introduction of potent and long-acting organic nitrate-based vasodilators. It is noteworthy that headache and hypotension are frequent and accepted side effects upon initiation of therapy. The side effects gradually subside with continued treatment in a pattern similar to that seen in industrial exposure. The possibility, therefore, exists that chronic vasodilator therapy may, in certain patients, induce a compensatory homeostatic vasoconstrictor state which could induce a withdrawal ischemic episode.
Proudfit, Shirey, and Sones8 found angiographic correlation of ischemic heart disease in all but 1% of 1000 patients studied. The occasional finding of "normal" large coronary arteries following clinical, electrocardiographic, and biochemical evidence of a myocar-Circulation, Volume XLVI, October 1972 dial infarction has been attributed to emboli or local thrombosis and lysis, arteritis, or severe metabolic derangement.
The role which vasospasm may play in the production of ischemic heart disease has been difficult to identify. In 1941, Wilson and Johnston9 reported transient electrocardiographic changes which resemble acute myocardial infarction in patients who subsequently exhibited organic coronary artery disease. The chest pain was commonly nonexertional, may be precipitated by smoking, and was relieved by nitroglycerin. In 1959, Prinzmetal, Kennamer, Merliss, Wada, and Bor'0 collected a series of patients who exhibited this syndrome and who showed an unusual electrocardiographic pattern. They termed this a variant form of angina pectoris and, along with Wilson, implicated a temporary hypertonus of the large coronary vessels which was superimposed upon atheromatous disease. The characteristic S-T-and T-wave changes reported by Wilson and Prinzmetal are seen in case 5 ( fig.  7 , third column). The present withdrawal syndrome and that of variant angina pectoris contain many similarities and differ mainly in that, in the latter, significant organic coronary artery disease was presumed.
Nitroglycerin and other vasoactive organic nitrates administered acutely effect a nonspecific relaxation of smooth muscle. The mechanism of action is unknown.1' However, this effect can be antagonized by any agent that can activate the smooth muscle under consideration. Similarly, the mechanism of tolerance to nitroglycerin is unknown. The persistent vasoconstriction cannot be satisfactorily explained on the basis of presently recognized factors such as locally produced or circulating catecholamines, the renin-angiotensin system, or excessive central nervous system activity. The response of these to acute and chronic vasodilatation needs further study and, in addition, other more long-lasting mechanisms including the myogenic reflex must be considered. Further, the response which might occur of the cerebral and renal circulations to chronic vasodilator therapy deserves investigation.
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